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Quarterly  Progress  Report 

(covering  the  period  of  August  1  -  October  .‘U.  1991) 

DAIIPA  IR  Detector  Contract  under  Navy  Grant  #NOOld-91-J-197G 

Project  Title:  Development  of  Ultra-Low  Noise,  High  Sensitivity  Planar  Metal 
Grating  Coupled  AlGaAs/GaAs  Multiple  Quantum  Well  Detectors  for  Focal 
Plane  (FPA)  Staring  IR  Sensor  Systems 

I.  INTRODUCTION 

Since  the  beginning  of  this  DARPA  sponsored  IR  detector  project,  we  have  made  significant 
progress  toward  achieving  the  original  project  goals.  We  have  designed  and  fabricated  two 
new  types  of  IR  detectors  using  stop-  bound-to-miniband  (SBTM)  and  bound-to-miniband 
'  (BTM)  transition  multiple-quantum-well  (MQW)/superlattice  (SL)  bauier  structures  grown 
by  MBE  technique.  The  SBTM  IR  detector  uses  a  slightly  strained  In0.07Ga0.93As  quantum 
well  with  short-period  Alo..iGao.6As/GaAs  superlattice  barrier  grown  on  a  GaAs  substrate, 
and  the  BTM  IR  detector  uses  an  enlarged  Ino..j7Gao.53As  quantum  well  with  shoit-period 
superlattice  Ino..i8Alo.52As/Ino..i7Gao.53As  barrier  grown  on  an  InP  substrate.  The  results 
showed  that  the  dark  current  for  the  SBTM  IR  detector  measured  at  77  K  was  more  than  one 
order  of  magnitude  lower  than  the  conventional  QWlP’s  (using  bound-to-continuum  band 
transition)  reported  in  the  literature.  The  detectivity  for  the  SBTM  IR  detector  structure 
measured  at  50  ^  light  incident  angle  was  found  to  be  2.1  x  10*°  cmy/HzlW  at  V;,  =  5  V  and 
T  =  63  K.  The  other  (BTM)  IR  detector  structure  showed  a  largely  enhanced  intersubband 
absorption  at  10.73  gm  (demonstrated  for  the  first  time)  and  a  reduction  of  dark  current  by 
three  orders  of  magnitude  over  the  conventional  LWIP’s.  To  optimize  the  grating  couplers 
for  the  top  and  back  illumination,  we  haye  designed  and  fabricated  10  new  photomasks  witli 
various  grating  patterns  and  different  grating  periodicities  to  be  used  for  the  proposed  study 
of  light  coupling  efficiency  versus  grating  periodicity  in  the  large  area  MQW/SL  IR  detectors. 
Specific  accomplishments  during  this  period  are  summarized  as  follows: 


♦  Developed  the  first  grating  coupling  AlGaAs/ GaAs  MQW /SL  IR  detector  using  bound- 
to-miniband  (BTM)  transition,  and  achieved  a  detectivity  D*  =  1.6  X  10*°cm-y/Rl/W 
at  A  =  8.9  fim  and  T  =  77  K. 

♦  Performed  a  systematic  study  of  planar  metal  grating  couplers  with  grating  periods 
of  A  =  1.1,  3.2,  5,  and  7.2  /im  on  this  MQW  IR‘ detector  under  normal  illumination. 
Detector  with  a  quantum  efficiency  as  high  as  21.7%  has  been  achieved  by  using  a  5 
/xm  surface  grating  coupler.  Further  improvement  in  the  light  coupling  efficiency  can 
be  expected  by  optimizing  the  grating  parameters. 

♦  Designed  and  fabricated  10  new  photomasks  with  various  grating  patterns  and  different 
metal  grating  periodicities.  These  photomasks  will  be  used  in  our  new  MQW/SL  IR 
detectors  for  front  ohmic  contacts  and  light  coupling. 
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•  Designed  and  fabricalcd  a  new  low  dark  current,  high  detectivity  c^lLp-liotuul-lo-inintbnud 
(SB'I'M)  IR  detector  structure  by  using  a  sliglitly  strained  lnCI<iA.s  qu.mtuiii  well  uiih 
short-period  superlattice  GaAs/AlGaAs  barrier.  More  than  one  (Ufler  of  inagnitiule 
reduction  in  the  dark  current  has  been  obtained  in  this  detector.  I’he  delectiviu  fur 
this  new  IR  detector  was  found  to  be  2.1  X  10“^  cmy/ llzJW  at  V/,  =  o  V  and  1'  = 

K. 

•  Designed  and  grown  a  new  bound-to-miniband  (BTM)  transition  InGaA^  quantum 
well  with  short-period  superlattice  InAlAs/InGaAs  barrier  grown  on  an  InP  substrate. 

A  strong  intersubband  IR  absorption  at  T  =  300  K  and  A  =  10.73  /iin  has  been 
observed  for  the  first  time  in  this  structure.  An  integrated  optical  absorption  strength 
of  Ia  =  19.5  Abs-cm_i  w<is  obtained  at  the  Brewster’s  angle  Ob  =  74.5"’  and  at  T  = 
300  K,  which  is  about  five  times  larger  than  that  of  the  conventional  single  bound-to- 
bound  transition.  The  results  clearly  show  that  the  enlarged  quantum  well  and  broad 
miniband  are  superior  for  large  infrared  absorption  and  detection. 

•  A  paper,  entitled, “.A.  metal  grating  coupled  bound-to-miniband  transition  Ga.As  Mulit- 
ple  Quantum  Well/superlattice  infrared  detector,”  has  been  publisp.ed  in  Appl.  Phys. 
Lett.,  59  (11),  pp.1332-34,  Sept.9,  1991. 

•  A  paper  entitled,  “Largely  enhanced  bound-to-miniband  absorption  in  an  InGaAs  mul¬ 
tiple  quantum  well  with  short-period  superlattice  InAlAs/InGaAs  barrier,”  accepted 
for  publication  in  Appl.  Phys.  Lett,,  59  (21),  IS  November,1991. 

•  A  paper  entitled,  “A  low  dark  current  step-bound-to-miniband  absorption  InGaAs/Ga.As 

/AlGaAs  multiple  quantum  well  infrared  detector,”  submitted  to  Appl.  Phys.  Lett., 
October  22,  1991. 

•  An  abstract,  entitled  “Largely  enhanced  intersubband  absorption  in  a  wide  InAlAs 
/InGaAs  quantum  well  and  short  period  superlattice,”  submitted  to  the  SPIE’S  1992 
SYMPOSIUM  on  Quantum  Wells  and  Stiperlattices,  Somerset,  NJ,  23-27  March, 1992. 

•  An  abstract,  entitled  “Grating  coupled  bound-to-miniband  III-V  quantum  well 
/superlattice  barrier  infrared  detectors,”  submitted  to  the  conference  on  Infrared  De¬ 
tectors  and  Focal  Plane  Arrays  at  OE/Aerospace  Sensing  92,"  Orlando,  FL,  April 
20-24,1992. 

II.  COMPARISON  OF  DARK  CURRENT  MEASUREMENTS  IN  QWIPs 

In  this  section  we  compare  the  results  of  dark  current  measurements  made  on  foui  different 
types  of  quantum- well  infrared  photodetectors  (QWIPs)  fabricated  during  this  reporting  pe¬ 
riod.  To  facilitate  our  study  of  the  performance  of  various  QWIPs,  we  have  designed  and 
fabricated  four  different  types  of  III-V  QWIPs  grown  by  MBE  lechniciue.  Figure  1  -hows 
the  energy  band  diagrams  of  these  four  different  types  of  QW'IPs:  Fig.l  (a)  is  a  conven¬ 
tional  bound-to-conlinuum  band  (BTCB)  transition  AlGaAs/GaAs  (-180/40  /\)  multiquan¬ 
tum  v'ell  infrared  (IR)  photodetector,  (b)  a  bound-to-miniband  (BTM)  transition  GaAs  (88 
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(b)  The  energy  band  diagram  for  an 

GaAs(88A  QW}/AIGaAs-GaAs(58-29A  SL) 
QWIP  with  bound-to-mlniband  transition. 
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(c)  The  energy  band  diagram  for  an  InGaAs 
(110A  QW)/AllnAs.InGaAs(30.46A  SL) 
QWIP  Grown  on  InP  substrate  with 
bound-to>mIniband  transition. 


InOaAa  AlOaAa/GaAt  SL 

(d)  The  energy  band  diagram  for  an 

inGaAs(106A  QW)/AIGaAs-GaAs(30-59A  SL) 
QWIP  with  step-bound-to-miniband  transition, 

Mlniband 

(d) 

Figure.l  Energy  band  diagrams  for  four  different  types  of  III-V 
quantum  well  infrared  photodetectors  (QWIPs) 
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Figure.2  Dark  current  versus  bias  voltage  for  four  different 
QWIPs  shown  in  Fig.l,  measured  at  77  K. 


A)  quiinlum  wcIl/AlGaAs-GaAs  (58/2!)  A)  bupcrlaLticc  harrier  111  ileleclur.  (cj  .i  !u)untl- 
lo-miiiibaiKl  (BTM)  tran.silion  liiGaAs  quanlutn  well  (110  A)/1iiAIA.‘i-1iiG<i A.s  .^iipi  il.itiiie 
harrier  structure  grown  on  an  InP  suhstrate.  aiul  (cl)  a  step-houiul-io-ininih.ind  (SBTM) 
transition  slightly  strained  InGaAs  quantum  weil(10G  A)/AlG.iAs-GaAs  (dO/oO  A)  .^uin;!- 
lattice  harrier  structure  grown  on  a  GaAs  suhstrate.  The  harrier  heights  for  stiiictuies  (<i). 
(h),  (c),  and  (d)  are  given  hy  190,  .300,  530,  and  370  meV,  respectively.  'I  he  dark  vaiiuuits 
measured  at  77  K  as  a  function  of  bias  voltage  are  shown  in  Figure  2.  I'lie  residt.-.  showctl 
that  the  dark  currents  for  our  (BTM)  and  (SBTM)  QWTPs  shown  in  Fig.l  (h)  through  Fig.  1 
(d)  measured  at  =  2  V  and  T  =  77  K  were  two  to  three  orders  of  magnitude  lower 
than  the  conventional  QWIP’s  shown  in  Fig.l  (a).  Since  the  dark  current  in  these  QWIPs  is 
dominated  by  the  thermionic  emission  at  77  K,  the  results  arc  consistent  with  the  theoretical 
prediction  (i.e.,  the  therminoic  emission  current  depends  exponentially  on  the  barrier  height 
in  the  quantum  well).  Detailed  description  and  assessment  of  the  performance  characteristics 
.for  these  new  QWIPs  (Fig.l  (b)  -  (d))  are  given  in  Section  IV. 

III.  INTERACTION  WITH  INDUSTRIAL  LABORATORIES 

In  this  IR  detector  project  we  have  put  our  emphasis  on  establishing  collaborations  with  re¬ 
searchers  in  industrial  laboratories  who  are  interested  in  the  long  wavelength  Ill-V  quantum- 
well  infrared  detectors  grown  by  MBE  technique.  The  research  team  at  the  University  of 
Florida  consists  of  Dr.  Li,  the  principal  investigator,  aiid  four  of  his  graduate  students  who 
are  working  on  their  Ph.D.  research  in  IR  detector  project.  All  the  quantum  well/supcrlaltice 
IR  detectors  are  designed,  fabricated  and  characterized  by  our  group  in  the  microelectron¬ 
ics  laboratory  of  the  Electrical  Engineering  Department  of  the  University  of  Florida.  Dr. 
Pin  Ho  of  the  Electronics  Laboratory  of  General  Electric  Co.  has  helped  us  growing  the 
InGaAs/GaAs/AlGaAs  and  other  quantum  well/superlattice  layer  structures  by  MBE  tech¬ 
nique.  The  collaboration  enables  us  to  make  rapid  progress  in  our  IR  dct-xloi  project.  W'e 
anticipate  this  collaboration  to  continue  for  the  coming  year  and  beyond.  V/e  have  also 
exchanged  the  prepublication  information  on  the  IR  detector  pape..^  with  Dr.  Barry  Levine 
of  A  T  &:  T  Bell  Laboratories.  And  Dr.  Li  plan  to  visit  Dr.  Levine’s  laboratories  in 
March,  1992.  Collaboration  with  these  people  will  definitely  benefit  greatly  to  our  ongoing 
IR  detector  research. 

IV.  TECHNICAL  RESULTS 

4.1.  A  Low  Dark  Curr-ent  Step-Bound-to-Miniband  Ti’ansition 
InGaAs/GaAs/AlGaAs  Multiquantum  Well  Infrared  Detector 

The  possibility  of  realizing  novel  high-speed  quantum  well  dev  ices  such  as  lascis,  photodctcc 
tors,  and  modulators  has  spurred  extensive  investigations  on  *iic  intersubband  absorption  in 
quantum  wells  and  superlattices^"*’.  A  great  deal  of  work  has  been  reported  on  tlie  lattice- 
matched  GaAs/AlGaAs’°“'‘‘  and  InGaAs/InAl.As/InP*®"*'  quantum  well  systems.  Recent 
studies*^'^®  revealed  that  8-12  /nn  infrared  detectors  may  be  obtained  by  using  a  multi- 
qua,ntum  well(MQW)/superlattice  (SL)  barrier  structure  and  resonant  tunneling  mechanism. 
A  significant  improvement  in  intersubband  absorption  and  thermionic  emission  property 
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has  been  successfully  clemonstraled  using  GaAs/AlGaAs  superlallice  leiiifuued  Inniinl-lw- 
iniuibancl  (FiTM)  Iransition^’*'  structure.  The  replacement  of  bulk  b.irrier  region  with  ,i  mm  v 
short  period  superlattice  barrier  layer  offers  .several  new  i)roperties  .such  <is  leduclioii  of  inter¬ 
face  recombination,  elimination  of  deep  level  related  phenomena''^,  loali/atiun  of  a  new  t\pe 
of  ((uantum  photocurrent  gain  (~  and  a  significant  enhanccnient  of  iniersubbaiid 

absorption**'. 

In  this  letter  we  report  an  ultra-low  dark  current  lightly-strained  InGa.A.s/Ga.-\s/.AlGa/\s 
QWIP’s  based  on  thestep-bound-to-miniband  (SBTM)  transition,  superlattice  miniband  res¬ 
onant  tunneling  and  coherent  transport  mechanism.  As  illustrated  in  figuie  I,  the  transition 
scheme  of  our  QVVIP’s  is  from  the  localized  bound  ground  state  in  the  enlarged  /no.o-G'ao.ga/l* 
quantum  wells  to  the  resonant-coupled  miniband  of  GaAs/  superlattice  (SL) 

barrier.  This  new  structure  created  a  potential  ‘step’  in  the  superlattice  barrier  region  to 
block  the  undesirable  tunneling  dark  current  from  the  heavily  doped  ground  state  Eimr  in 
the  quantum  well.  The  physical  parameters  of  the  quantum  wells  and  supeilattices  are  cho¬ 
sen  so  that  the  ground  bound  state  in  the  enlarged  (EW)  InGaAs  well  is  pushed  below  the 
step  barrier,  and  the  first  excited  level  EeWi  of  the  quantum  well  is  merged  and  lined  up 
with  the  ground  level  of  the  miniband  E$i,  in  the  superlattice  barrier  layer  to  achieve  a  large 
oscillation  strength  /  and  intersubband  absorption  coefficient  q*^  ’**.  .Since  the  supcrlattice 
has  a  relatively  thin  barrier,  the  photoexcited  electrons  can  easily  tunnel  through  the  supcr¬ 
lattice  barrier  layer  and  transport  along  the  aligned  miniband,  which  arc  then  collected  by 
the  external  ohmic  contacts. 

To  characterize  the  SBTM  transition  we  performed  theoretical  calculations  of  the  energy 
states  Bew,  Esc  and  the  transmission  coefficient  T'T  on  our  LWTPs  by  using  the  multiple- 
layer  transfer  matrix  method®,  and  the  results  are  shown  in  figure  2.  It  is  noted  that  a 
broad  and  strongly  degenerated  miniband  Bsl  was  formed  inside  the  enlarged  well  by  using 
the  superlattice  barrier  structure.  The  ground  state  of  the  enlarged  InGaAs  well  is  confined 
much  below  the  step  barrier  height  sc  as  to  reduce  the  sequential  tunneling  and  hopping 
currents.  As  a  comparison,  in  the  inset  of  figure  2,  we  calculated  the  transmission  coeffecient 
of  the  superlattice  for  both  the  step-bound- to- miniband  (SBTM)  transition  structure  and  the 
normal  bound-to-miniband  (BTM)  transition  structure  without  the  potential  step.  Many 
orders  of  magnitude  reduction  in  T'T  were  observed  in  the  present  SBTM  structure. 

The  SBTM  detector  structure  was  grown  on  a  semi-insulating  (S.I.)  Ga.As  substrate  by 
using  the  molecular  beam  epitaxy  (MBE)  technique.  A  1  /tm  thick  Ga.As  buffer  layer  of 
1.4  X  10*®  cm"®  was  first  grown  on  a  S.I.  GaAs  substrate,  followed  by  the  growth  of  a  40- 
period  of  Jrio^oyGao^cf^As  quantum  wells  with  a  well  width  of  106  .4  and  a  dopant  densiti 
of  1.4  X  10*®  cm"®.  The  barrier  layer  on  each  side  of  the  quantum  well  consists  of  a  5- 
period  of  undoped  .Alo..|Gao.6As  (-30  A)  /Ga.As  (.59  A)  supcrlattice  lajers  which  were  grown 
alternatively  with  the  InGa.As  quantum  wells.  Finally,  an  n'’'-Ga.As  cap  layer  of  0.4  /tm  thick 
and  dopant  density  of  1.4  X  10*®  cm"®  was  grown  on  top  of  the  MQW/SL  layer  structure 
to  facilitate  ohmic  contacts.  /\n  array  of  200  X  200  /tm®  mesas  were  chemically  etched 
down  to  n'*'-Ga.As  buffer  contact  layer  on  the  GaAs  substrate.  Finall}',  AuGc/Ni/.Au  ohmic 
contacts  were  evaporated  onto  the  top  and  bottom  of  n'^'-GaAs  contact  hayers  by  using  E- 
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beam  evaporalion. 


Device  characlerizalion  was  performed  in  a  li(|uid-lieliiim  cryoirenic  dcuar.  An  illMMDU 
semiconductor  |)arameler  analyzer  was  used  to  measure  liie  dark  ciiiicni  vuii.i^e  1. 1-\  j 
curves.  Under  dark  conditions,  electrons  can  transfer  out  of  the  t|uantum  U(!i!b  .md  pro¬ 
duce  the  observed  current  mainly  via  two  mechanisms.  One  is  attiibutcd  lo  the  theimioira 
emission  out  of  the  quantum  wells,  which  is  the  dominant  current  component  at  highei  tem¬ 
peratures  (i.e.,  for  T  >77  K).  The  other  is  the  thermally  generated  c.u tiers  tunneling  through 
the  superlattice  miniband.  In  the  present  .SBTM  transition  structure,  we  cieated  a  levitated 
potential  step  in  the  superlattice  to  block  mu^i  of  the  tunneling  current  component  due  to 
electron  tunneling  from  the  heavily  populated  ground  state  at  low  temiJeraturcs.  W’e  also 
chose  a  liigh  value  of  ‘AT  composition,  x  =  0.4,  which  gave  rise  to  a  bairiei  potential  <is  high 
cis  AjCc  Cii  3S8  meV  (~  Q5%^Eg),  to  suppress  the  thermionic  emission  out  of  the  quantum 
wells.  Figure  3  shows  the  measured  dark  I-V  curves  for  temperatures  between  35  and  92  K. 
Substantial  reduction  in  device  dark  current  was  achieved  in  the  present  step-potential  rein¬ 
forced  InGaAs  multiquantum  well/GaAs/AlGaAs  superlattice  barrier  sliucture.  To  identify 
the  origins  of  the  dark  currents  flow  in  the  detector  we  performed  the  nuineiical  calculation 
of  the  dark  currents  using  the  expression^“’^° 

lo  =  — r  ins,  -  fall  +  (1) 

Jo 

where  v{£)  is  the  electron  velocity  in  GaAs  which  is  given  by'* 

li£  +  Vf{£fSoY 
1  +  {S/SoY 

where  q  is  the  electron  charge,  A  is  the  device  area,  m*  is  the  electron  effective  mass,  L  is 
the  multiquantum  well  period,  Ej  is  the  Fermi  level,  So  is  the  critical  field  which  is  equal 
to  4  X  10^  V/cm  for  Ga.As.  As  previously  described®,  the  parameter  \T{E,£)\-  is  the  field- 
dependent  transmission  coefficient  which  can  be  calculated  by  using  the  multi-hayer  matrix 
method,  assuming  the  potential  energy  variation  of  l'(x)  =  I'o  +  qSx.  The  calculated  current 
values  are  in  good  agreement  .vith  the  observed  results,  wind;  shows  that  the  levitated  .step 
potential  barrier  is  indeed  very  cfFective  in  suppressing  the  device  dark  current.  Another 
interesting  result  observed  in  this  SBTM  LWIP’s  (as  shown  in  figure  3)  is  that  the  negative 
resistance  exhibited  by  the  sequential  rcsonJint  tunneling  through  an  expanding  Ingh-field 
superlattice  domain®  at  T  =  35  K. 

Measurement  of  the  intersubband  absorption  for  the  present  detector  was  jjerformed  at  300 
K  using’a  Perkin-Elmer  Fourier  transform  infrared  (FTIR)  spectroscopy.  Figure  4  .shows  the 
room  temperature  absorption  spectra  at  the  Brewster’s  angle  {6d  =  73'’).  The  measured 
peak  absorbance  A  =  logiQ  [transmission]  was  found  to  be  about  40  m.\bs.  The  abscirplion 
peak  is  centered  at  11.1  /nn.  The  full  width  at  half-maximum  (FWIIM)  of  the  absorption 
peak  is  about  220  cm“*.  To  determine  the  spcctrcal  responsivity,  the  edge  of  the  sample  was 
polished  into  50”  to  facilitate  light  illumination.  The  photocurrent  was  measured  using  a 
CVI  Laser  Digikrom  210  monochromator  and  an  ORIF.L  ceramic  element  infrared  source. 
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'Che  lesponsiviLy  /?,\  =  0.3S  A/VV  was  obtained  at  =  5  V  and  C  =  77  K.  l-'iifurc  ■) 
shows  the  normalized  responsivitj’  versus  wavclengtli  measured  <it  77  K.  I'lum  the  iiu‘,i.-,nicd 
responsivity  and  dark  current,  we  can  calculate  the  detectivity  D~  of  the  deiet  tui  u.^iiig  the 
relation 

Dl  =  (3) 

where  A  =  4  X  10““'  cm^  is  the  effective  area  of  the  detector,  G  is  the  oiJtical  gain  which  is 
taken  as  0.5‘'.  At  14  =  5  V,  we  found  that  valuer  of  the  peak  detectivity  at  A  =  lO.o  jini  are 
jD"  =  0.81  X  10^°  and  2.1  xl0*°  cm\/77r/VV  for  '1'  =  77  and  63  K,  respectively. 

In  conclusion,  we  have  'demonstrated  a  new  step-bound-to-miniband  (SBTM)  transition 
LWIP’s  using  a  lightly-strained  InGa.As  multiquantum  well  and  a  GaAs/.AlGa.As  superlat- 
tice  barrier  layer  structure  and  resonant  tunneling  mechanisms.  The  new  structure  provided 
a  levitated  potential  step  in  the  supcrlattice  barrier  to  block  much  of  the  tunneling  cuirent 
component  from  the  heavily  populated  ground  state  in  the  quantum  wells,  which  resulted 
in  a  significant  reduction  of  the  device  dark  current.  The  peak  detectivity  was  found  to 
be  D'  =  2.1  X  IQ^^cm^/HzlW  at  A  =  10.5  /tm  and  T  =  63  K.  With  high  detectivity  and 
uniformity,  this  new  SBTM  LWIP’s  can  be  used  for  a  wide  variety  of  long  wavelength  (e.g.,. 
S  -  12  /zm)  infrared  applications. 
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AIGaAs/GaAs 


InGaAs  10.6  nm 


Figure.l  Energy  band  diagram  for  a  step-bound-to-miniband  (SBTM) 
transition  InGaAs  quantum  well/AlGaAs-GaAs 
superlattice  barrier  infrared  (IR)  photodetector 
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TRANSMISSION  T 


ELECTRON  ENERGY  E  (meV) 


Figure.2  The  calculated  quantized  energy  states  and  transmission  coefficient  T*T 
for  the  SBTM IR  detector  shown  in  Fig.l.  Inset:  The  calculated  T*T; 
curve  A:  BTM  IR  detector,  curve  B:  SBTM  detector  structure. 
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DARK  CURRENT  (A) 


Figure.3  Dark  current  versus  bias  voltage  for  the  SBTM  IR  detector  shown  in 
Fig.  1  for  35  <  T  <92  K.  The  dark  current  is  dominated  by  thermionic 
emission  for  T  >77  K,  and  by  sequential  tunneling  for  T  <  35  K. 
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Figure.4  The  intersubband  absorbance  versus  wavelength  for  the  SBTM 
IR  detector  shown  in  Fig.l,  measured  by  FTIR  spectroscopy 
at  Brewster's  angle  and  at  T  =  300  K. 
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RELATIVE  RESPONSIVITY,  R 


7  8  9  10  11  12  13  14 

WAVELENGTH  (MICRON) 


Figure.5  Relative  responsivity  versus  wavelength  for  the  SBTM 
IR  detector  shown  in  Fig.l ,  measured  at  77  K. 
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4.2.  Largely  Enhanced  Bound-to-Miniband  Absorption  in  an  IiiGaAs  .Multiijle 
Quantum  Well  with  Short-Period  Superlattice  InAlAs/TuGJa.-Vs  Barrier 

A  strong  interest  in  the  development  of  various  high-speed  c|uantiun  well  lai.^ed-  la.^ei.^.  de¬ 
fectors,  and  modulators  has  spurred  extensive  investigations  on  the  inleisnhh.md  <dj.-oiplion 
in  quantum  wells  and  superlattices*"*.  A  great  deal  of  work  has  been  i.uiied  out  in  the 
GaAs/AlGaAs  quantum  well  system**"* which  shows  that  the  iIl-\’  ciiumtum  well  <uid  su¬ 
perlattice  structures  are  very  promi-sing  for  potential  long  wavelength  (S  -  12  /uii)  infiaied 
applications.  i\  variety  of  studies  of  intersubband  absorption  have  also  been  eondueled  in 
the  IiiAlAs/liiGaAs  system  in  the  3  to  5  /tin  wavelength  range  by  using  the  bound-to-bound 
transition**’***  and  bound-to-continuum  transition^**,  which  suggest  that  the  InAl.As/lnGa.As, 
with  a  large  conduction  band  discontinuity  {AEc  ~  oOOmcP),  is  an  ideal  mateiial  sj'stem  for 
both  the  mid  wavelength  infrared  (iVIWIR)  and  long  wavelength  infrared  (LWIR)  applica¬ 
tions.  There  are  several  other  advantages  of  using  the  InAlAs/InGaAs  in  comparison  to  the 
AlGaAs/GaAs  system.  First,  the  Iuq  .S2-d/o,  ,.i8i4s//no.53G'«o.‘i7As  quantum  well  has  a  smallei 
effective  mass  {m"  =  0.012  mo)  and  hence  a  larger  drift  velocity  and  much  shorter  transition 
time,  which  is  essential  for  many  high-speed  applications.  Second,  the  higher  bairiei  poten¬ 
tial  is  particularly  useful  in  suppressing  the  noise  due  to  the  electron  theimionic  emission 
out  of  quantum  wells  and  hence  reducing  the  device’s  dark  current.  Recent  studies**  **  show 
that  8-12  fim  or  longer  wavelength  infrared  detectors  could  also  be  oljtainod  in  a  much 
higher  potential  quantum  well  structure  by  using  superlattice  barriei  stiuctuie  and  lesonant 
tunneling  mechanism.  A  significant  improvement  in  intersubband  ab.soiption  and  theimionic 
emission  property  has  been  successfully  demonstrated  in  the  supei lattice  leinforccd  buund- 
to-miniband  transition  structure*^.  The  replacement  of  bulk  hairier  legion  with  veij  short 
period  superlattice  multiple  layers  offers  several  new  properties  like  reduction  of  interface 
recombination,  elimination  of  deep  level  related  phenomena***,  realization  of  a  new  tyjje  of 
quantum  pholocurrent  gain  (~  10'*)^'*’*'*,.  and  a  significant  enhancement  of  the  inteisubband 
absorption. 

In  this  letter  we  report  a  detailed  study  of  the  long  wavelength  (A,,  =  10.73/un)  infiaied  in¬ 
tersubband  absorption  by  using  a  bound-to-miniband  transition  in  the  pciiodically  eiilaiged 
■fjio.52A/o.'i8As//no.53C7ao..i7As  multiple  quantum  well  cladded  by  short-period  supcrlattice 
barriers.  A  typical  band  structure  of  a  bound-to-miniband  intersubband  excitation  used  in 
this  experiment  is  depicted  in  figure  1.  The  transition  scheme  is  fiom  the  localized  ground 
level  Eewi  of  the  enlarged  well  (EW)  to  the  resonant- coupled  miniband  E^^  of  the  super¬ 
lattice  (SL).  The  physical  parameters  of  the  quantum  wells  and  superlattices  are  chosen  so 
that  the  second  level  Eew^  of  the  EW  is  merged  and  lined  up  with  the  ground  level  miniband 
j^SLi  of  the  SL  on  both  sides  of  the  GaAs  quantum  well  to  achieve  a  maximum  intersubband 
absorption  strength  I  a. 

To  understand  the  miniband  property  and  bound-to-miniband  transition  spectra,  theo¬ 
retical  calculations  of  energy  states  Eew,,,  ^sl„  (where  n  =1,  2,  •••),  and  transmission 
coefficient  T'T  have  been  performed  for  the  multiple  layer  /no.52A/o..isAs//no.536'ao..i7A6 
MQW/superlaltice  structures  by  using  the  multiple-layer  transfer  matrix  method**.  In  this 
calculation,  we  have  used  the  Eg  =  0.76  cV,  m’  =  0.042  Wq  for  the  Jno.a-iGuo^.i-As,  and  Eg 
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=  1.17  cV,  m'  =  0.075  r7?(,.for  /ho.52'^1/o.-i8'^15.  Tlie  conduction-baiKl  di.'icontinuily  i.s  taken 
a.s  A  A’,-  =  500  nicV.  Result  is  shown  in  figure  2.  It  is  noticed  that  a  wide  and  .strongly 
degenerated  ininiband  Esl  formed  by  using  the  supcrlattiee  stiuetuie.  'I’he  eeiiti.d  en¬ 
ergy  position  of  tlie  first  niiniband  is  at  Ej/^,  =  138  meV',  and  the  Ij.itidwidUi  of  lln*  linst 
ininiband  at  T  ~  0  K  is  about  2r  =  40  meV.  The  room  temperature  (T  =  300  K)  bandwiilth 
is  estimated  to  be  2r  =  60  mcV.  The  increased  bandwidth  of  tlie  ininiband  would  bt*  helpful 
to  improve  the  integrated  intersubband  absorption  strength  1,\.  The  pt.vik  absoiption  wave- 
letigth  can  be  found  from  Figure  3  by  using  the  relation  A,,  =  1.24/(7i.’5/,,  —  Ee\\\  -{-  Excu)-. 
where  Esi^  =  13S  meV,  EseWx  =  33  meV,  and  Exch  =  10  meV^^-^',  which  yields  A,,  =  10.78 
/mi.  For  comparison,  we  have  also  included  in  Figure  2  the  transmission  coefficient  vs.  the 
potential  energy  (dashed-line)  for  a  single  Cjuantum  well  with  the  same  barrier  width  (410  A) 
of  bulk  In.AlAs  barrier.  The  result  shows  that  there  is  a  small  energy  shift  in  their  eigenvalues 
in  the  ciuantum  wells  as  compared  to  those  with  superlattice  In.MAs/InGaAs  barrier  (solid 
line),  because  the  effective  barrier  heights  for  the  two  cases  are  no  longei  same.  However,  a 
significant  difference,  as  expected,  may  come  from  the  extremely  large  transmission  coeffi¬ 
cient  exhibited  by  the  resonant  tunneling  miniband  EsLi  (nearly  twenty  orders  of  magnitude 
larger  than  that  of  the  bulk  barrier),  indicating  that  the  miniband  is  a  \eiy  efficient  charge 
transport  channel. 

'i'he  /no.52A/o..i8As//no.53GGo.‘i7As  MQW/SL  layer  structure  used  in  the  present  study  was 
grown  on  a  lattice  matched  semi-insulating  (100)  InP  substrate  b\  using  the  molecular 
beam  epitaxy  (MBE)  technique.  A  1  /xm  thick  Si-doped  InGaAs  buffer  layer  with  n  = 
1.4  X  10*®  cm~®  was  first  grown  on  an  InP  substrate,  followed  by  the  growth  of  a  20- period 
of  enlarged  Jno.^zGaoArAs  quantum  wells  (EWs)  with  a  well  width  of  110  A  and  a  dopant 
density  of  1.4  X 10*®  cm“®.  The  barrier  layer  on  each  side  of  the  EVV  consists  of  a  6-period  of 
undoped  /no.52>^/o.-i8As  (30  A)/5-period  of  lno.s3GaoA7As  (46  /i)  super  lattice  layers  which 
were  grown  alternatively  with  the  /no.ssGao.-ir-^-s  (HO  A  wide)  quantum  wells.  Finally,  an 
n'*'-InGaAs  cap  layer  of  0.3  fim  thick  and  dopant  density  of  1.4  X  10'®  is  grown  on  top 
of  the  MQVV/SL  layer  structure. 

The  infrared  absorption  of  the  sample  was  measured  at  room  tcmpciatuie  using  a  Peikin- 
Elmer  Fourier  transform  infrared  (FTIR)  spectrometer.  Since  the  intersubband  resonance 
is  expected  to  vanish  at  normal  incidence  (the  selection  rule  requires  a  component  of  the 
incident  electric  field  normal  to  the  quantum  well  interfaces),  the  sample  was  oriented  at 
the  Brewster’s  angle^  {Ob  ~  74.5®)  to  maximize  the  intersubband  absorption  under  sur¬ 
face  illumination.  Figure  3  shows  the  result  of  a  room  temperature  absorption  spectrum 
measurement.  The  peak  absorbance  A  =  -/or/ioftransinission]  was  found  to  be  39.5  m.Abs  , 
which  corresponds  to  a  transmission  reduction  of  AT’/T’  =  9  %.  The  absorption  peak  is  at 
A  =  10.73/im  and  the  spectral  liirewidth  (full  width  at  half-maxiniuni)  of  this  transition  is 
equal  to  500  cm"*  (~  62  meV),  in  very  good  agreement  with  theory. 

The  intersubband  absorption  spectrum  cited  above  corresponds  to  the  transitions  between 
the  localized  ground  state  EE\y^  to  the  ‘global’  miniband  state  Esli  which  consist  of  numer¬ 
ous  eigenstates  of  the  superlattice  (SL).  Their  energy  levels  are  so  closely  packed  together 
that  they  become  a  broad  and  highly- degenerated  energy  state— miniband.  The  total  ab- 
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sorplioii  is  duo  l,o  the  net  contribution  from  all  the  transitions  botwocn  the  liisl  bound  stale 
and  each  sub-miniband  state.  Therefore,  the  inteijralcd  intiusuldniiid  alAM)! piioii  .^lien»(h 
I,\  c;in  be  written  a-s*’*® 


I 


Ei  Ef 


‘[eonfen-y/n-  -}-  I 


(-1) 


cii  Qn^N 


e^h  f 


(5) 


Tlie  oscillator  strength  /  is  defined  by 

/  =  {Airm’ cf ti\)  <  z 


(6) 


where  A  is  the  transition  wavelength,  /l(A,i?)  is  the  spectral  and  energy  dependence  of 
intersubband  absorbance,  E,  and  Ej  denote  the  quantized  energy  levels  for  the  initial  and 
final  states,  n,  =  1.54  X  10 cm“^  is  the  two-dimensional  electron  sheet  density,  m*  = 
0.0427720  is  the  electron  effective  mass,  N=20  is  the  number  of  enlarged  c|uantuin  wells,  n 
=  3.6  is  the  refractive  index  of  /77o.53(7ao.-i7>4s  in  the  infrared  range  of  interest,  Q  is  the 
effective  number  of  states  within  the  miniband  which  contributes  to  the  total  intersubband 
absorption.  Considering  the  fact  that  the  effective  overlapping  and  coupling  of  the  electron 
wavefunction  between  the  enlarged  quantum  well  and  the  superlattice  mainly  occurs  within 
the  nearest  regions  (~  120  A)  adjacent  to  either  side  of  the  enlarged  (luantum  well,  the 
effective  number  of  miniband  Q  is  found  to  be  appro.ximatcly  1.7  for  the  ptesent  study.  Fiom 
figure  3,  by  integrating  the  area  under  the  intersubband  absorption  spccti.i,  we  obtained  the 
integrated  absorption  strength  Ia  =  19.5  Abs-cm“’  .  Substituting  hem  into  E(is.(2)  and  (3), 
we  obtained  /  =  0.73  and  <  z  >  =  23.9  A  which  agreed  reasonably  well  with  our  theoretical 
values  /  =  0.71  and  <  z  >  =  23.6  A. 

Figure  4  shows  the  calculated  integrated  absorption  strength  of  the  bound-to-miniband 
transition  as  compared  to  the  single  bound-to-bound  transition  in  the  conventional  ciuaiitum 
wells  with  uniform  bulk  barriers.  As  expected,  the  integrated  absorption  strength  I  a  in¬ 
creases  almost  linearly  with  the  well  width  L:.  By  incorporalii  ^  tiie  superlattice  miniband, 
nearly  live  fold  improvement  in  the  integrated  absorption  strength  I  a  has  been  achieved  in  the 
present  110  A  quantum  well  structure,  which  indicates  that  a  wide  quantum  well  and  a  broad 
miniband  are  essential  to  obtain  large  intersubband  absorption.  We  have  also  calculated  the 
range  of  photon  energies  which  could  be  operational  in  the  /no.52A/o..i8As//no.53G'ao..|7/ls 
system  and  found  that  a  broad  range  of  photon  absorption  from  400  to  100  me\'  can  be 
covered;  corresponding  to  the  interest  spectral  wavelengths  from  3  to  12  /tm,  in  a  sin¬ 
gle  lattice-matched  material  system  without  having  to  switch  to  a  different  material  (e.g., 
GaAs/AlGaAs)  system.  These  unique  properties  are  important  for  realizing  multiple  spectral 
(multi-color)  detectors  and  high  quality  image  arrays. 

In  conclusion,  we  have  reported  the  first  observation  of  intersubband  absoi  ijtion  of  the  bound- 
to-miniband  states  transition  in  a  lattice  matched  /77o.52A/o.,is/ls//;<o.536'ao.-i7/l5  multiple 
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qiiaiituin  w^'ll/  superlattice  heterostructure  grown  on  an  liiP  huljhtuite.  I'ln'  peak  iiitcihub- 
l)aiKl  absorlrance  was  found  to  be  Ap  =  39.5  in.'Vbs  with  a  peak  wavcleiiglli  (a-iilcrcd  .it  A  = 
10.73  //in,  and  the  spectral  linewidth  is  measured  to  be  21'  =  02  me\’  at  T  =  300  K.  whiih 
arc  in  good  agreement  with  our  theoretical  calculations.  'I’hc  dependemc  uf  the  iutegrated 
absorption  strength  I,\  on  the  well  width  and  effective  number  of  miiiibaiid  was  discussed. 
An  extremely  large  integrated  absorption  strength  =  19.5  Ab.s-cm~'  at  the  Urewstcr's 
angle  (74.5”)  has  been  obtained  in  our  present  110  A  enlarged  quantum  well/supoilattice 
barrier  structure  at  T  =  300  K  ,  confirming  a  broad  miniband  and  a  witlc  ciuantuin  well  are 
advantageous  for  large  intersubband  absorption.  By  varying  the  well  width  the  iuteiesting 
spectral  range  A  =  3  -  12  /tm  can  be  covered,  which  may  lead  to  the  devclo])ment  of  ne  w 
types  of  infrared  sources,  modulators,  and  detectors. 
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Fig.  1  Ihe  boucd'U>.imnibaivd  traiujtion  icUowed  by  ■»- 
pcrUttice  transport  and  efTective  maM  filtering. 


Fig.:’  C.ilctil.itcd  transmission  Tvs.  the  elc  ron  po- 
lenli energy  K  (ineV)  ihruiigh  the  siiperlatticc  bar¬ 
rier.  I  higlily  degenerated  miniband  state  is  clearly 
form  'd  in  tlu- sepcrlattice. 


Fig.  2  Measured  intersubband  absorbance  at  room 
temperature  vs.  infrared  radiation  wavelength  by  the 
Fourier  transform  infrared  (FTIR)  spectroscopy  at 
ihc-Brcwster’s  angle. 
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Fig.  -1  Enhanced  integrated  absorption  strength 
for  the  bcund-to-miuiband  transition  with  respect  to 
the  conventional  single  bonnd-to-boiind  transition. 
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